This study numerically investigates liquid water dynamics in a novel hybrid sinusoidal flow channel of a proton exchange membrane fuel cell (PEMFC). The two-phase flow is examined using a three-dimensional, transient computational fluid dynamics (CFD) simulation employing the coupled level set and volume of fluid (VOF) method. Simulations for hybrid and non-hybrid sinusoidal flow channels, including a straight flow channel, are compared based on their water exhaust capacities and pressure drops. Additionally, the effects of inlet gas velocity, wall wettability, and droplet interaction in the flow channel on the dynamic behaviour of liquid water are investigated. Results reveal that the novel hybrid sinusoidal channel designs are consistent in terms of quicker water removal under varying hydrophilic wall conditions. Also, it is found that the liquid surface coverage, detachment, and removal rate depends on droplet proximity to the walls, inlet gas velocity, and wall contact angle. Also, the time a droplet makes contact with the side walls affect the discharge time. Additionally, there is an improvement in the gas velocity magnitude and vertical component velocity across the hybrid sinusoidal channel designs. Therefore, the unique geometric configuration of the proposed hybrid Design makes it a viable substitute for water management in PEMFC applications.
Introduction
In recent times, the sinusoidal (wavy) channel has been reported to be a passive method of improving heat transfer characteristics [1] . These undulating flow passages are commonly applied in fluid transportation, heat exchange, and thermal power generation [2, 3] . However, in proton exchange membrane fuel cell (PEMFC) applications, this wavy architecture has not received much attention irrespective of the outstanding advantages they offer. Consequently, the sinusoidal flow channel has been reported to significantly enhance heat/mass transfer, especially in compact exchange devices [4, 5] . Also, some authors have reported the idea of using this wavy configuration as a substitute to the conventional rectangular microchannel and as a means of enhancing heat transfer performance [2, 6] . Despite the significantly improved heat transfer performance peculiar to these configurations, the pressure drop increase is one of the inherent penalties [1] .
Additionally, they offer positive characteristics, such as significant heat transfer coefficients, low coolant requirements, small size, and high surface area-to-volume [7] . As such, wavy architecture can be very useful in this regime and our aim, therefore, has been to quantify these gains as well as demerits (slight pressure drop increase) through detailed numerical computations of the two-phase transient flow. The unique nature of wavy channels allows for secondary flow inducements across the channel, which ultimately benefits two-phase flows. This positive behaviour would significantly enhance PEMFC performance via efficient water management and improved mass transport. So far, the improvement in PEMFC performance has been reported both experimentally and numerically in cases where the wavy flow channels were employed [8, 9] .
Consequently, flow channel optimisation remains one of the fundamental techniques for efficient water management in PEMFC channels [10] , since channel geometry significantly influences the reactant utilisation efficiency and transport, water management, and ultimately, overall cell performance [11] . Therefore, channel Design is a critical issue in PEMFC development, and care must be taken to manage the liquid water generated to prevent component damage or performance degradation [12] . During the electrochemical reaction, over-accumulation of liquid water can lead to flooding, especially at the cathode side, and this condition adversely affects reactant transport. While humidification within the PEMFC plays a vital role to prevent membrane dehydration, there is a trade-off between water management and cell performance. As such, channel Design remains an essential consideration in water management and overall PEMFC performance. The continuing research into the modelling of water transport in PEMFCs provides a basis on which novel channel Design demonstrates the inherent poor water management performance of conventional (straight) channels.
Researchers have investigated water transportation in the microchannels of PEMFCs and have studied methods of preventing flooding such as flow channel Design modification. Performance in channels of different geometries has been experimentally studied [13, 14] . However, the lack of an experimental technique in the study of fluid flow in channels remains a challenge for PEMFC systems. Therefore, employing the volume of fluid (VOF) method in the computational fluid dynamics framework has furnished much insight into two-phase flow dynamics in microchannels [15] . Anderson et al. [16] verified the VOF model for a PEMFC gas channel using synchrotron measurements. There was an excellent agreement with their model and the measurements concerning droplet dynamics, shape, and size. Niu et al. [17] experimentally validated a three-dimensional (3D) two-phase VOF numerical model, which they used to investigate the dynamic water behaviour in two innovative PEMFC flow channels. Their results suggested that the proposed designs could improve PEMFC performance depending on the operating conditions. Li et al. [18] investigated the dynamic behaviour of the moving liquid column coalescing with a sessile droplet in a hydrophilic microchannel using the VOF methodology along with the continuum surface force (CSF) model. They opined that droplet coalescence promotes liquid movement and the larger the droplet size, the faster its acceleration. Jo and Kim [19] also analysed the dynamics of liquid water emerging from a gas diffusion layer pore into a right-angle microchannel of a proton exchange membrane fuel cell using the VOF method. They reported the significance of channel configuration, the coverage ratio of water on the gas diffusion layer (GDL) surface, and the water volume fraction on cell performance. Shen et al. [20] employed a transient 3D model based on the VOF methodology to evaluate the dynamic behaviour of gas-liquid two-phase flow in a PEMFC microchannel. They assessed the effect of channel structure, the contact angle of channel walls, inlet velocity, droplet size effect, and the phase transition effect in a straight channel. Their results proved that channel surface contact angle had a tremendous impact on droplet transport. Kim and Kim [21] also numerically studied the liquid water dynamics in rectangular and trapezoidal microchannels using the VOF technique. The effect of the top and side walls static contact angle and the air inlet velocity was studied based on water removal characteristics. Their investigative study showed the significance of channel geometry on water expulsion in channels. Recently, Xu et al. [22] investigated the dynamics of droplet emergence and removal in a wavelike flow channel through computational fluid dynamics (CFD) simulation in association with the VOF method. The effects of contact angle and geometric parameters were also considered in their work.
Analysis of two-phase flow in microchannels using the level-set (LS) method has also been conducted by a few researchers [23, 24] . Mukherjee and Kandlikar [23] numerically used the LS Energies 2019, 12, 4030 3 of 20 technique to evaluate liquid water evolution and detachment in a channel. Also, Akhtar and Kerkhof [24] employed the LS method to assess the effect of wall property on liquid water dynamics in a tapered channel. However, coupling the LS method and the VOF method as reported by some researchers proves to be much superior compared to the standalone LS or VOF method [25, 26] . As such, Sussman and Puckett [25] presented a coupled LS and VOF (CLSVOF) method that highlighted the mutual benefits of the VOF and LS methods. They gave a detailed insight into the accuracy and stability of the CLSVOF method compared to the VOF or LS methods independently. Three-dimensional calculations have also been conducted to investigate the rising of a bubble in the quiescent water and at equilibrium using the CLSVOF method by Tsui et al. [26] .
In light of this, while existing sinusoidal flow channel designs appear to have just one repeating pitch arrangement, it will be beneficial to combine dual pitches and amplitudes to Design a hybrid sinusoidal flow channel. As stated earlier, the high-pressure drop is one major disadvantage associated with the sinusoidal flow channel designs. However, in the existing literature, the channel pitch and amplitude arrangement are often homogeneous, having one repeating pitch arrangement with no flexibility. The hybrid sinusoidal Design which combines dual-channel pitches and amplitudes would offer improved flow performance, with a slightly higher pressure drop compared to the straight channel design. As such, the architecture enables interconnectivity between the pitches and amplitudes. One of the significant benefits in addition to the ability to integrate different pitch sizes is the ability also to vary the bend radiuses and amplitudes. This would provide designers and operators with a flexible flow system that can adjust to changing needs and requirements depending on operating conditions. Consequently, when developing a hybrid sinusoidal flow channel, the options become limitless because the designer's choice affects the flow characteristics and overall performance. Therefore, motivated by our previous research [27] , we propose a novel hybrid sinusoidal gas flow channel in this study. CFD simulations with a three-dimensional VOF model coupled with LS function is implemented using ANSYS Fluent (17.2, ANSYS Inc.: Canonsburg, PA, USA) in evaluating the liquid water expulsion rate in the proposed novel flow channel designs. Additionally, the effects of wall contact angle, channel amplitude, and gas feed velocity are also investigated. The findings presented in this paper could further expand the possibilities of adopting the hybrid sinusoidal channel as a better alternative to the conventional channel with regards to PEMFC overall performance.
This paper is structurally arranged as follows. In Section 2, the numerical formulation employed is described. In Section 3, the obtained results are discussed with detailed figures showing liquid water discharge rate, pressure drop, droplet interaction, temporal liquid advancement, etc. while the last section highlights the findings and conclusions.
Mathematical Model
The model development is based on the following assumptions:
•
The two-phase flow is assumed transient, laminar, and an ideal gas.
Effects of heat generation and heat transfer are not considered.
The coefficient of surface tension amongst the two phases is constant.
The bottom wall is assumed to be the GDL.
Governing Equations for the CLSVOF Two-Phase Model
The VOF technique is used to resolve the continuity and momentum conservation equation for mixture flow and well documented in ANSYS Fluent [28] . As such, this section solely focuses on the LS technique. Note that in the two-phase flow analysis, the gas and liquid phase volume fractions are assumed as α g and α l , respectively. Accordingly, the continuity equation is solved in every computational cell with the interface between the two phases accurately calculated. The continuity equation is: where ρ (kg m −3 ) denotes the volume-based liquid phase density and → v (m s −1 ) is the velocity vector. The volume fraction of the gas phase is calculated based on the constraint given by:
The momentum conservation equation for a mixed flow is given by:
where p (kPa), µ (Pa·s) and g (m·s −1 ) represent the pressure, the dynamic viscosity, and the gravitational acceleration, respectively. Also, D is defined as the rate of deformation tensor, and F s (N) represents the surface tension force, which is linked to the momentum equation as a source term. Meanwhile, the relation for fluid density and mixture flow dynamic viscosity being discontinuous is expressed using the smoothed Heaviside function:
where H(φ) and ε (mm) represent the Heaviside function and half of the interface thickness, respectively. The LS function is given as:
where d( → x ) denotes the closest distance between point x and the interface, which is adverted using the velocity field:
The surface tension term in Equation (3) linking the interacting phases (liquid and air) has been taken care of as an integral part of the continuum surface force (CSF) model and is given by:
where σ(J s −1 ), κ(φ) (m −1 ) and δ(φ) represent the coefficient of surface tension, the curvature at the interface, and the smoothed delta function, respectively. The smoothed function δ(φ) is a derivative of H(φ) with respect to φ (distance function).
To account for the wall adhesion, the curvature at the phase interface surface on the wall in Equation (9) is given as:
Energies 2019, 12, 4030 5 of 20 where → n is the at the two-phase interface surface normal vector:
Subsequently, to keep the interface shape consistent and stable, the level-set function is re-initialised at every time step. As such, based on the distance function φ, the pseudo-transient Hamilton-Jacobi equation is solved at every time step:
where φ and τ denotes the distance function and imaginary time, respectively. The distance function at t = 0 is given by:
Thus, based on the VOF function, the initial value at t = 0 becomes:
where ∆x is the grid size. The initial sign function S(φ) at re-initialisation is given as:
where the convergence criteria leading to the solution of the equation is satisfied when ∇φ = 1 [29] .
The second order upwind scheme in ANSYS Fluent is used to discretise the gradients in Equation (12).
Numerical Methodology
As stated earlier, ANSYS Fluent is used to implement the numerical simulation based on the CLSVOF method. The coupled level-set function linked to the VOF technique can accurately track two-phase flows by solving the governing equations of participating fluids throughout the computational domain while accounting for surface tension effects [19] . The governing equations are resolved based on the VOF explicit scheme and pressure solver. The spatial discretisation for pressure is obtained using the pressure staggering option (PRESTO) scheme, and the pressure-velocity coupling obtained using the pressure implicit with splitting of operators (PISO) scheme. The geo-reconstruct schemes are used to obtain the spatial discretisation and the phase interface volume fraction. In all tested cases, the time step size is set at 1 × 10 −6 , and 0.0734 N·m −1 is the coefficient of surface tension between the phases. For all the residuals, the criterion of convergence is 1 × 10 −5 .
Computational Domain and Boundary Conditions
The schematic of the three-dimensional computational domain with 191,748 hexahedral elements is shown in Figure 1 . Figure 1a represents the straight channel (reference case), while Figure 1b The 25 mm long channels have been sectioned into two parts, the flow building part and the flow core part. The partitioning is done to ensure the flow across the channel is fully developed. Table  1 shows the geometric dimensions of the CFD model. On all the channel walls at t = 0, a no-slip condition is applied. At the channel inlet and exit ports, the velocity and pressure at t = 0 are fixed at zero, respectively. Also, for all cases, the patched droplet is positioned 12 mm from the inlet port along the axis line. This is to ensure that the airflow is fully developed before meeting the droplet. For all cases tested, the bottom wall, which is the GDL surface, is hydrophobic at a fixed contact angle of 120° [30, 31] , and the contact angle at the side and top wall were varied from 120° to 45°. Details of the operating conditions are shown in Table 2 . For the multiple droplet simulations, the three droplets were positioned at the centerline and arranged 12 mm, 13 mm, and 14 mm from the channel inlet. As for the boundary conditions, velocity-inlet is set at the inlet while the outlet is set as pressure-outlet. The 25 mm long channels have been sectioned into two parts, the flow building part and the flow core part. The partitioning is done to ensure the flow across the channel is fully developed. Table 1 shows the geometric dimensions of the CFD model. On all the channel walls at t = 0, a no-slip condition is applied. At the channel inlet and exit ports, the velocity and pressure at t = 0 are fixed at zero, respectively. Also, for all cases, the patched droplet is positioned 12 mm from the inlet port along the axis line. This is to ensure that the airflow is fully developed before meeting the droplet. For all cases tested, the bottom wall, which is the GDL surface, is hydrophobic at a fixed contact angle of 120 • [30, 31] , and the contact angle at the side and top wall were varied from 120 • to 45 • . Details of the operating conditions are shown in Table 2 . For the multiple droplet simulations, the three droplets were positioned at the centerline and arranged 12 mm, 13 mm, and 14 mm from the channel inlet. As for the boundary conditions, velocity-inlet is set at the inlet while the outlet is set as pressure-outlet. 
Grid Independence Test Analysis
To ensure accuracy of the results, an independence test analysis of the hexahedron grid cells has been conducted, with velocity magnitude and droplet shape as tools for validation, and the results showed a negligible difference (Table 3) . For the test, we adopted a similar approach used in our previous work [27] , where the grid number on every direction is increased [32] in a stepwise manner by 20% and velocity magnitude is used as a validation criterion. As shown in Figure 2 , the tested grid numbers showed a minor difference, and as such, the 350 × 20 × 30 grid was employed to reduce computational time while satisfying the requirement for spatial convergence. satisfying the requirement for spatial convergence. The computation fluid domain meshes into 191,748 hexahedral cells with a maximum volume of 8.92226 × 10 −14 m 3 and a minimum volume of 2.18136 × 10 −14 m 3 for each hex cell. The grid size measures approximately 2.05754 × 10 −4 m and 2.10592 × 10 −5 m in the X-and Y-directions, respectively while the grid size along the Z-direction measures 3.7 × 10 −5 m in the flow channel domain. Comparatively, our droplet shape on the surface with a contact angle of 80° was the same as the experimental observation of Nishida et al. [33] . The size of the time step considered suitable for this analysis is 1 × 10 −6 s and was implemented due to the insignificant effect that 1 × 10 −5 s had on the simulation results. Consequently, droplet expulsion time as compared to the works of Hou et al. [34] indicated a very insignificant difference.
Furthermore, in this grid test study, the assumed GDL surface (bottom wall) and all the walls of the channel are in the no-slip boundary condition. During this test, the GDL surface contact angle is set at 120°, and the contact angles of the entire channel walls are similar and set at 120°. At the channel inlet and outlet, respectively, a velocity inlet boundary condition of 12.5 m s −1 and a pressure outlet boundary condition of 1 atm is applied. Also, the force of gravity is considered along the negative direction of Y.
Results and Discussion
Several cases were simulated using five different sinusoidal channel designs, including a reference case. These sinusoidal channel designs are grouped into hybrid and non-hybrid channel configurations: Design 1 and Design 2 (hybrid pitch with uniform amplitude of 0.1 mm and 0.2 mm, respectively), Design 3 (hybrid pitch with hybrid amplitude of 0.1 mm and 0.2 mm), Design 4 and Design 5 (non-hybrid channels with pitches of 2.5 and 5 mm, respectively). The non-hybrid channels Comparatively, our droplet shape on the surface with a contact angle of 80 • was the same as the experimental observation of Nishida et al. [33] . The size of the time step considered suitable for this analysis is 1 × 10 −6 s and was implemented due to the insignificant effect that 1 × 10 −5 s had on the simulation results. Consequently, droplet expulsion time as compared to the works of Hou et al. [34] indicated a very insignificant difference.
Furthermore, in this grid test study, the assumed GDL surface (bottom wall) and all the walls of the channel are in the no-slip boundary condition. During this test, the GDL surface contact angle is set at 120 • , and the contact angles of the entire channel walls are similar and set at 120 • . At the channel inlet and outlet, respectively, a velocity inlet boundary condition of 12.5 m s −1 and a pressure outlet boundary condition of 1 atm is applied. Also, the force of gravity is considered along the negative direction of Y.
Several cases were simulated using five different sinusoidal channel designs, including a reference case. These sinusoidal channel designs are grouped into hybrid and non-hybrid channel configurations: Design 1 and Design 2 (hybrid pitch with uniform amplitude of 0.1 mm and 0.2 mm, respectively), Design 3 (hybrid pitch with hybrid amplitude of 0.1 mm and 0.2 mm), Design 4 and Design 5 (non-hybrid channels with pitches of 2.5 and 5 mm, respectively). The non-hybrid channels had a uniform amplitude of 0.1 mm, as shown in Table 1 . The air inlet velocities of 12.5 ms −1 and 10 ms −1 used here are based on the typical operating conditions used in [27] .
Single-Phase Flow Characteristics of the Channels Under Investigation
The single-phase flow behaviour of the straight and the sinusoidal channel designs are shown in Figure 3 . The pressure-drops, velocity, and vertical component velocity (V-velocity) magnitudes in the Z-X plane are shown in Figure 3a -f. As shown in Figure 3a , the straight case yielded the least pressure drop, velocity magnitude, and V-velocity across the channel.
The maximum V-velocity attained is just 0.00022 mm away from the inlet point and consequently, weak at the channel downstream. This is as a result of the straight shape, which makes the flow laminar at all locations. The straight nature of the channel is responsible for the low-pressure drop because the only friction that occurs in this channel shape exists only between the fluid and the straight channel walls, unlike in the wavy flow channel cases where there is flow resistance as a result of the periodic side walls. These undulating side walls lead to an increase in the pressure drop across the channel as a result of the heightened fluid velocity and wall friction, in contrast to the straight channel which is purely straight with little or no obstruction to flow. The pressure drop and the fluid velocity magnitude are therefore smaller in the straight channel case compared to the wavy cases. Thus, this explains the reason for the inherent poor reactant mixing [35] and low cell performance compared to the sinusoidal-shaped channel design [8] .
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The single-phase flow behaviour of the straight and the sinusoidal channel designs are shown in Figure 3 . The pressure-drops, velocity, and vertical component velocity (V-velocity) magnitudes in the Z-X plane are shown in Figure 3a -f. As shown in Figure 3a , the straight case yielded the least pressure drop, velocity magnitude, and V-velocity across the channel. The maximum V-velocity attained is just 0.00022 mm away from the inlet point and consequently, weak at the channel downstream. This is as a result of the straight shape, which makes the flow laminar at all locations. The straight nature of the channel is responsible for the low-pressure drop because the only friction that occurs in this channel shape exists only between the fluid and the straight channel walls, unlike in the wavy flow channel cases where there is flow resistance as a result of the periodic side walls. These undulating side walls lead to an increase in the pressure drop across the channel as a result of the heightened fluid velocity and wall friction, in contrast to the straight channel which is purely straight with little or no obstruction to flow. The pressure drop and the fluid velocity magnitude are therefore smaller in the straight channel case compared to the wavy cases. Thus, this explains the reason for the inherent poor reactant mixing [35] and low cell performance compared to the sinusoidal-shaped channel design [8] .
It is also evident that the increase in the channel amplitude raises the pressure drop and velocity magnitude, as revealed in Design 1 and Design 2 (Figure 3b,c) . This explains the improvement recorded in the quick liquid discharge, which has been discussed further in subsequent sections. Both designs are similar in pitch and amplitude arrangement, except for the difference in channel It is also evident that the increase in the channel amplitude raises the pressure drop and velocity magnitude, as revealed in Design 1 and Design 2 (Figure 3b,c) . This explains the improvement recorded in the quick liquid discharge, which has been discussed further in subsequent sections. Both designs are similar in pitch and amplitude arrangement, except for the difference in channel amplitude. Design 1 has a smaller amplitude of 0.1 mm while Design 2 has an amplitude of 0.2 mm, and as such, this is responsible for the variance in pressure drop and velocity magnitude. This result agrees with the findings of Xu et al. [22] on the significant influence that geometric configurations have on flows in wave-like channels. They opined that the geometric parameters of wave-like channels have a considerable impact on the pressure drop, water removal behaviour and detachment time. They found that geometric parameters such as channel pitch greatly influence the pressure oscillation. This is also in line with the findings and, indeed, one of the benefits of hybrid models. Thus, as much as high-pressure drops accompany an increase in the number of bends, increasing the channel amplitude also plays a role. This rise in pressure drop is linked to friction and momentum alternation as a result of the change in the flow direction. While the small pitch helps raise the average fluid velocity, the larger pitch acts to relieve the pressure oscillation. Design 3 is also a hybrid sinusoidal Design comprised of two pitches and two amplitudes. As seen in Figure 3d , the geometric configuration hugely affects the flow pattern. A hybrid sinusoidal channel with dual-amplitude yields a very high-pressure drop and velocity magnitude and as such, may not be suitable for application in PEMFCs. This Design affects fluid flow with irregular change in flow direction as a result of the non-uniform dual-amplitude arrangement. This behaviour generates eddies which interfere with the flow pattern and thus give rise to extra pressure losses. However, the Design would be most useful for systems where thorough reactant mixing is required because of the very high V-velocity magnitude. This V-velocity represents the convective flow capable of enhancing mass transfer [36] .
Designs 4 and 5 are non-hybrid sinusoidal channel designs tested to check the improved performance in the hybrid cases (Design 1 and Design 2). The configuration of Design 4 has many repeating ordered pitch and amplitude arrangements, which is responsible for the high-pressure drop inherent in the Design (Figure 3e ). While the pressure drop in the Design 5 configuration is small compared to Design 4 and all the hybrid designs (Designs 1, 2, and 3), this is as a result of the fewer numbers of regular repeating pitch arrangements and the pitch size, both of which are responsible for the reduced pressure drop. As such, the fewer the number of pitches, the lower the pressure drop.
On the contrary, an increase in the number of regular repeating pitches tends to raise the fluid's velocity magnitude slightly, as shown in Figure 3e ,f. This trend is also noticed in the V-velocity magnitude values of both designs. The vertical component velocity, as shown in Figure 3b -f, is enhanced because of the wavy nature of the sinusoidal channel design. Here, the convection is stronger and distributed along the channel path with peaks at the side wall troughs. This improvement is as a result of the secondary force peculiar in sinusoidal flow channels. As such, while the smaller pitch tends to raise the pressure drop, the more extended pitch diminishes it. Therefore, the choice of a hybrid sinusoidal channel is positive as it taps into the advantages offered by both small and long pitches.
Compared with the straight channel, the pressure drop in the sinusoidal channel designs is slightly higher. However, while this may pose as a disadvantage as a result of the inherent pumping loss, this penalty is negligible compared to the many benefits. The slight high-pressure gradient is useful in ensuring efficient water removal, especially at the cathode side of the PEMFC [8] . As such, the possibility of flooding in hybrid sinusoidal channels is nearly impossible with improved gas flow speed and heat management. The authors believe this slight pressure drop increase is a price worth paying for improved mass transport and overall cell performance. Consequently, the curvy nature and pitch arrangement are responsible for the slight pressure drop increase and heightened velocity magnitude in the cathode gas channel compared to the straight channel.
Significance of Channel Architecture
In the present study, we used the straight rectangular channel as a reference to analyse the effectiveness of the proposed hybrid sinusoidal channel designs. The curved side walls of the sinusoidal channel Design induce some form of secondary flow effect across the channel, which leads to a two-phase flow characterised by a degree of direction. This secondary flow effect causes the sluggish fluid near the non-slip walls to be easily replaced with rapid moving fluid, thus intensifying the viscous friction around the walls. Figure 4 further highlights the significance of the channel configuration with the aid of the vortex magnitude contours and streamlines.
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Additionally, Figure 6 illustrates the variation of the two-phase pressure drop fluctuation during the flow times 2.5-16 ms for different channel designs. At t = 5 ms, the first two droplets coalesced, and this increase in droplet mean size narrowed the flow passage, thus leading to an increase in pressure across the channel. Subsequently, the pressure across the flow path regained stability after a short period-this is as a result of severe droplet deformation and ascension to the side and top walls. The proposed hybrid sinusoidal channels after droplet stabilisation had a slightly comparable pressure drop with the conventional channel designs. More so, the proposed designs yielded a 3.58%, 4.98% and 10.9% increase in average pressure drop in Designs 1, 2 and 3, respectively, compared to the conventional straight channel. This positive characteristic means improved mass transport and water discharge, which implies that under different operating conditions, the channel architecture affects droplet removal. In the range of varying wall contact angles, the water removal rate The proposed hybrid sinusoidal channels after droplet stabilisation had a slightly comparable pressure drop with the conventional channel designs. More so, the proposed designs yielded a 3.58%, Energies 2019, 12, 4030 13 of 20 4.98% and 10.9% increase in average pressure drop in Designs 1, 2 and 3, respectively, compared to the conventional straight channel. This positive characteristic means improved mass transport and water discharge, which implies that under different operating conditions, the channel architecture affects droplet removal. In the range of varying wall contact angles, the water removal rate performance of the hybrid sinusoidal channels (Designs 1 and 2) is better than the other geometric shapes investigated. Therefore, the proposed hybrid channel designs, especially Designs 1 and 2, appear to be consistent and show better water removal capacity.
Finally, the hybrid channel designs performed better than the ordered sinusoidal channels with improved flow characteristics, all of which is beneficial to PEMFC overall performance in regard to reactant transportation, heat management, and water removal.
Gas Inlet Velocity Effect
The air inlet velocity greatly influences droplet detachment, deformation, and discharge in microchannels. One can note for all configurations that the liquid water expulsion rate decreases as the inlet gas velocity reduces (Figures 7 and 8) , which is a phenomenon caused by the reduced inertia.
The inertia force, imparted on the droplet as a result of airflow intensity, affects removal rate, droplet deformation, and shape. Regarding the comparison between the different configurations under varying inlet velocities, the hybrid sinusoidal channels have a peculiar pitch-amplitude arrangement which improves water exhaust and droplet break up. Therefore, at a higher gas inlet velocity, inertia forces are stronger [37] , and this distorting force deforms the droplet and facilitates its removal in the hybrid channels, whereas at a lower inlet velocity, the viscous forces are more dominant [38] . This implies that the friction effect appears to be larger than the inertial forces, thereby slowing down droplet motion.
In Figure 7 , under high gas feed conditions, the inertia force induced on the droplets deforms the merged droplets at t = 5.0 ms. Under higher inlet velocity conditions, there is a higher tendency for the liquid water slug to ascend entirely through the side walls to the top wall, and this is as a result of the high fluid velocity. At low inlet velocity conditions (Figure 8 ), the merged droplets appear less deformed at t = 5.0 ms, except for Design 3 channels. As seen in Figures 7c and 8c , the merged droplet is visibly deformed, a phenomenon caused by higher gas velocity in the channel due to the channel shape. As a result of the dual hybrid nature of Design 3 channels, the intensity of the secondary flow within the channel is amplified and is thus capable of deforming and breaking droplets up even at low speed, as seen in Figure 8c . performance of the hybrid sinusoidal channels (Designs 1 and 2) is better than the other geometric shapes investigated. Therefore, the proposed hybrid channel designs, especially Designs 1 and 2, appear to be consistent and show better water removal capacity. Finally, the hybrid channel designs performed better than the ordered sinusoidal channels with improved flow characteristics, all of which is beneficial to PEMFC overall performance in regard to reactant transportation, heat management, and water removal.
The air inlet velocity greatly influences droplet detachment, deformation, and discharge in microchannels. One can note for all configurations that the liquid water expulsion rate decreases as the inlet gas velocity reduces (Figures 7 and 8) , which is a phenomenon caused by the reduced inertia. Also, at a higher inlet gas velocity (Figure 7) , there are fewer daughter droplet particles compared to Figure 8 (lower inlet velocity) where the daughter particles increased. The proposed hybrid sinusoidal channel also tends to retain more water than the other channels, including the straight channel design. These trapped droplets are found mostly on the side and top wall of the channel area, as shown in Figure 9 . From this result, it can be inferred that high inlet gas velocity favors the hybrid sinusoidal channels and is beneficial to quicker water discharge. The inertia force, imparted on the droplet as a result of airflow intensity, affects removal rate, droplet deformation, and shape. Regarding the comparison between the different configurations under varying inlet velocities, the hybrid sinusoidal channels have a peculiar pitch-amplitude arrangement which improves water exhaust and droplet break up. Therefore, at a higher gas inlet velocity, inertia forces are stronger [37] , and this distorting force deforms the droplet and facilitates its removal in the hybrid channels, whereas at a lower inlet velocity, the viscous forces are more dominant [38] . This implies that the friction effect appears to be larger than the inertial forces, thereby slowing down droplet motion.
In Figure 7 , under high gas feed conditions, the inertia force induced on the droplets deforms the merged droplets at t = 5.0 ms. Under higher inlet velocity conditions, there is a higher tendency for the liquid water slug to ascend entirely through the side walls to the top wall, and this is as a result of the high fluid velocity. At low inlet velocity conditions (Figure 8 ), the merged droplets appear less deformed at t = 5.0 ms, except for Design 3 channels. As seen in Figures 7c and 8c , the merged droplet is visibly deformed, a phenomenon caused by higher gas velocity in the channel due to the channel shape. As a result of the dual hybrid nature of Design 3 channels, the intensity of the secondary flow within the channel is amplified and is thus capable of deforming and breaking droplets up even at low speed, as seen in Figure 8c . Also, at a higher inlet gas velocity (Figure 7) , there are fewer daughter droplet particles compared to Figure 8 (lower inlet velocity) where the daughter particles increased. The proposed hybrid sinusoidal channel also tends to retain more water than the other channels, including the straight channel design. These trapped droplets are found mostly on the side and top wall of the channel area, as shown in Figure 9 . From this result, it can be inferred that high inlet gas velocity 
Droplet Interaction
Three same-sized droplets placed on the axis line ( Figure 10 ) at different inlet velocities (V = 12.5 ms −1 and 10 ms −1 ) are used to study droplet interaction processes during coalescence. So, at a high inlet velocity (V = 12.5 ms −1 ), the upper part of the first merged droplets appears more deformed compared to the lesser deformation noticed at low speed. Under the high-speed condition, the droplet mean size appears larger with an imbalance between the forces acting on the merged droplet. This phenomenon is as a result of the increase in inertia and shear forces. This imbalance is responsible for the deformation and faster droplet exhaust time. inlet velocity (V = 12.5 ms −1 ), the upper part of the first merged droplets appears more deformed compared to the lesser deformation noticed at low speed. Under the high-speed condition, the droplet mean size appears larger with an imbalance between the forces acting on the merged droplet. This phenomenon is as a result of the increase in inertia and shear forces. This imbalance is responsible for the deformation and faster droplet exhaust time. Conversely, at low speed, the mean size of the merged droplet is not too large as compared to the former. It can also be seen in Figure 10 that the merged droplet broke up quite a bit earlier, which means that at a low Reynolds' number (Re), the surface properties of the channel become more significant and delays droplet removal [39] . As such, it can be said that the inlet gas velocity influences droplet height, movement, shape, and exhaust time in PEMFC channels. Therefore, droplet coalescence at high inlet gas velocity is beneficial to droplet average speed and removal rate.
Surface Wettability Effect
The present work also studied the coalescence of three droplets under varying wall contact angles. Figures 7 and 11 reveal the effect that wall wettability has on water transportation in PEMFC hybrid and non-hybrid sinusoidal channels. The inlet gas velocity for all cases is kept at 12.5 m/s and checked against different wall conditions of θside; top = 82°; 82° and θside; top = 82°; 45°, respectively. It appears that droplet removal is quicker if the side and top walls are slightly hydrophilic (θside; top = 82°; 82°). Conversely, at low speed, the mean size of the merged droplet is not too large as compared to the former. It can also be seen in Figure 10 that the merged droplet broke up quite a bit earlier, which means that at a low Reynolds' number (Re), the surface properties of the channel become more significant and delays droplet removal [39] . As such, it can be said that the inlet gas velocity influences droplet height, movement, shape, and exhaust time in PEMFC channels. Therefore, droplet coalescence at high inlet gas velocity is beneficial to droplet average speed and removal rate.
The present work also studied the coalescence of three droplets under varying wall contact angles. This peculiar characteristic is because of the reduced capillary forces when the side and top walls are made slightly hydrophilic. However, making the top wall more hydrophilic increases the chances of the droplet ascending to the top wall while delaying its exhaust time. Reducing the contact angle at the top wall results in an enlarged water surface coverage area of the top wall, and a vast number of tiny droplets at the channel area. In Figure 8 (θside; top = 82°; 82°), one can see that the droplet exhaust rate is faster in the hybrid type channels than the non-hybrid cases. Also, the non-hybrid case (Design 5) has the least GDL surface coverage ratio compared to the hybrid cases (Design 1 and Design 2), completely detaching from the GDL surface earliest, while as shown in Figure 11 (θside; top = 82°; 45°), the water exhaust time is longer with more of the liquid coverage on the top wall. However, under this wall condition, the configuration of Design 3 has the fastest removal rate, but with more trapped broken droplets at the wall interfaces (Figure 11c and Figure 12 ). This is because of the high gas velocity build up in the channel capable of deforming and breaking up the droplet. This peculiar characteristic is because of the reduced capillary forces when the side and top walls are made slightly hydrophilic. However, making the top wall more hydrophilic increases the chances of the droplet ascending to the top wall while delaying its exhaust time. Reducing the contact angle at the top wall results in an enlarged water surface coverage area of the top wall, and a vast number of tiny droplets at the channel area. In Figure 8 (θ side; top = 82 • ; 82 • ), one can see that the droplet exhaust rate is faster in the hybrid type channels than the non-hybrid cases. Also, the non-hybrid case (Design 5) has the least GDL surface coverage ratio compared to the hybrid cases (Design 1 and Design 2), completely detaching from the GDL surface earliest, while as shown in Figure 11 (θ side; top = 82 • ; 45 • ), the water exhaust time is longer with more of the liquid coverage on the top wall. However, under this wall condition, the configuration of Design 3 has the fastest removal rate, but with more trapped broken droplets at the wall interfaces (Figures 11c and 12 ). This is because of the high gas velocity build up in the channel capable of deforming and breaking up the droplet. This peculiar characteristic is because of the reduced capillary forces when the side and top walls are made slightly hydrophilic. However, making the top wall more hydrophilic increases the chances of the droplet ascending to the top wall while delaying its exhaust time. Reducing the contact angle at the top wall results in an enlarged water surface coverage area of the top wall, and a vast number From the result, the liquid water expulsion rate under both wall conditions favours the hybrid wavy channels. However, for optimum water removal, especially under hydrophilic wall conditions, a slightly hydrophilic wall is best recommended, as this would facilitate total water detachment off the GDL surface, quicker water removal, and improved reactant transportation to reactant sites. However, it is also important to note that making the side and top wall hydrophobic significantly improves water ejection (see Figure 5 ).
Droplet Size Effect
Additionally, we evaluated the effect of droplet size to mimic operational conditions where the droplets formed have different sizes. As such, for this investigation, we placed three droplets (r1, r2 and r3) in line at the channel base with radiuses of 200 µm, 250 µm and 250 µm, respectively. Figure 8 depicts the temporal droplet evolution with all three droplets having the same radius (200 µm), while Figure 13 shows the temporal droplet evolution of three droplets with radiuses of 200 µm, 250 µm, and 250 µm, respectively. Figures 8 and 13 prove that an increase in droplet size leads to a shorter exhaust time. This means that as the droplet size increases, the acceleration rate of the coalesced droplet increases too. The increased droplet acceleration rate is because of the substantial interface area formed by the merged droplet, which leads to increased surface turbulence. The increased surface area of the droplet results in a heightened imbalance between the forces acting on the droplet. Therefore, more surface energy is converted to kinetic energy, which is responsible for the increased droplet deformation and acceleration rate. From the result, the liquid water expulsion rate under both wall conditions favours the hybrid wavy channels. However, for optimum water removal, especially under hydrophilic wall conditions, a slightly hydrophilic wall is best recommended, as this would facilitate total water detachment off the GDL surface, quicker water removal, and improved reactant transportation to reactant sites. However, it is also important to note that making the side and top wall hydrophobic significantly improves water ejection (see Figure 5 ).
Additionally, we evaluated the effect of droplet size to mimic operational conditions where the droplets formed have different sizes. As such, for this investigation, we placed three droplets (r1, r2 and r3) in line at the channel base with radiuses of 200 μm, 250 μm and 250 μm, respectively. Figure  8 depicts the temporal droplet evolution with all three droplets having the same radius (200 μm), while Figure 13 shows the temporal droplet evolution of three droplets with radiuses of 200 μm, 250 μm, and 250 μm, respectively. Figures 8 and 13 prove that an increase in droplet size leads to a shorter exhaust time. This means that as the droplet size increases, the acceleration rate of the coalesced droplet increases too. The increased droplet acceleration rate is because of the substantial interface area formed by the merged droplet, which leads to increased surface turbulence. The increased surface area of the droplet results in a heightened imbalance between the forces acting on the droplet. Therefore, more surface energy is converted to kinetic energy, which is responsible for the increased droplet deformation and acceleration rate. Figures 8 and 13 further reveal a 48.8%, 17.4% and 12.7% improvement in water exhaust capacity in Designs 2, 3 and 1, respectively, which implies that even under conditions of excessive water accumulation, the hybrid sinusoidal channels can efficiently evacuate water in the channels. Also, a quick and complete water detachment off the GDL surface is noticed in all channel designs with quicker complete detachment in Design 2 (Figure 14) . The improved removal rate, even at the increased amount of water in the channels, could best be explained as a direct result of the fluid's kinetic energy being more dominant. The geometric configuration of the channel also plays a significant role, especially in regard to the quickness of droplet ascension to the top wall. Figures 8 and 13 further reveal a 48.8%, 17.4% and 12.7% improvement in water exhaust capacity in Designs 2, 3 and 1, respectively, which implies that even under conditions of excessive water accumulation, the hybrid sinusoidal channels can efficiently evacuate water in the channels. Also, a quick and complete water detachment off the GDL surface is noticed in all channel designs with quicker complete detachment in Design 2 (Figure 14) . The improved removal rate, even at the increased amount of water in the channels, could best be explained as a direct result of the fluid's kinetic energy being more dominant. The geometric configuration of the channel also plays a significant role, especially in regard to the quickness of droplet ascension to the top wall.
Conclusions
This study presented the two-phase flow modelling and simulation of novel hybrid sinusoidal PEMFC channels using CFD with the three-dimensional VOF model. The water removal rate of the novel hybrid designs is compared to the non-hybrid sinusoidal and straight channels. The effect of geometric channel configuration, inlet gas velocity, wall wettability, and droplet size are reported. Our findings and conclusions are:
1. The proposed hybrid sinusoidal flow channels have slightly improved water exhaust capacities, a higher gas velocity magnitude, and vertical component velocities. Design 2 hybrid configuration is recommended because of its excellent adaptability to different wall conditions and improved water exhaust capacity. 2. The size of channel amplitude is one geometric parameter which significantly affects pressure drop, gas velocity magnitude, and average droplet speed. The velocity magnitude of the proposed hybrid sinusoidal designs (Designs 1, 2, and 3) is approximately 4.52%, 4.60%, and 10.17% higher than the straight channel, respectively. This implies that designers can choose different sizes based on expected cell performance. 3. High inlet gas velocity is highly beneficial to droplet deformation, shear, and quicker discharge. 4. Droplet coalescence and size quickens droplet deformation and discharge rate. 5. Slightly hydrophilic channel walls facilitate quick and complete droplet detachment from the GDL surface; this would aid reactant transport to active reaction sites. 6. The liquid water removal is significantly affected by the time the droplet touches the side wall: the earlier the contact time, the more prolonged the droplet residence inside the channel. 
1.
The proposed hybrid sinusoidal flow channels have slightly improved water exhaust capacities, a higher gas velocity magnitude, and vertical component velocities. Design 2 hybrid configuration is recommended because of its excellent adaptability to different wall conditions and improved water exhaust capacity.
2.
The size of channel amplitude is one geometric parameter which significantly affects pressure drop, gas velocity magnitude, and average droplet speed. The velocity magnitude of the proposed hybrid sinusoidal designs (Designs 1, 2, and 3) is approximately 4.52%, 4.60%, and 10.17% higher than the straight channel, respectively. This implies that designers can choose different sizes based on expected cell performance.
3.
High inlet gas velocity is highly beneficial to droplet deformation, shear, and quicker discharge.
4.
Droplet coalescence and size quickens droplet deformation and discharge rate.
5.
Slightly hydrophilic channel walls facilitate quick and complete droplet detachment from the GDL surface; this would aid reactant transport to active reaction sites. 6.
The liquid water removal is significantly affected by the time the droplet touches the side wall: the earlier the contact time, the more prolonged the droplet residence inside the channel.
The proposed hybrid sinusoidal Design is unique since it combines the advantages of both pitch designs. Therefore, it is able to balance these two indexes, making it a suitable candidate for PEMFC applications.
